It has been proposed that uric acid is an important scavenger ofdeleterious oxygen radicals in biological systems [Ames, B. N., Cathcart, R., Schwiers, E. & Hochstein, P. (1981) ide dismutase are synthetic lethals, which are unable to complete metamorphosis under normal growth conditions. These experiments demonstrate unambiguously the importance of urate in oxygen defense in vivo and support our earlier proposal that the molybdoenzyme genetic system plays a critical role in oxygen defense in Drosophila. They also form the basis for our proposal that metamorphosis in Drosophila imposes a crisis of oxygen stress on the developing imago against which uric acid plays an important organ-specific defense. Finally, the results provide a basis for understanding the syndrome of phenotypes, including the hallmark dull brown eye color, which characterizes mutants of this classic genetic system of Drosophila.
doubly deficient for uric acid and Cu/Zn-containing superoxide dismutase are synthetic lethals, which are unable to complete metamorphosis under normal growth conditions. These experiments demonstrate unambiguously the importance of urate in oxygen defense in vivo and support our earlier proposal that the molybdoenzyme genetic system plays a critical role in oxygen defense in Drosophila. They also form the basis for our proposal that metamorphosis in Drosophila imposes a crisis of oxygen stress on the developing imago against which uric acid plays an important organ-specific defense. Finally, the results provide a basis for understanding the syndrome of phenotypes, including the hallmark dull brown eye color, which characterizes mutants of this classic genetic system of Drosophila.
Ground-state molecular oxygen (02) is required for aerobic respiration, a process through which it normally undergoes complete tetravalent reduction to H20. However, partially reduced and highly reactive oxygen species [superoxide (O°), hydrogen peroxide, (H202), the hydroxyl radical, (OH-) , and singlet oxygen (01)] are also formed as byproducts of normal aerobic metabolism and by the natural proclivity of dioxygen to abstract electrons from a variety of metabolic reactions. The biological consequences of exposure to active oxygen species originate in their reactivity with a variety of important biomolecules including nucleic acids, proteins, carbohydrates, and lipids. Many of the products of these reactions are cytotoxic, mutagenic, and carcinogenic and may be lethal to the organism. These reactions have been widely implicated in the etiology of many diseases and in the overall processes of normal cellular senescence and organismal aging (for a review, see ref. 1) .
Most aerobic organisms appear to employ both enzymatic and nonenzymatic mechanisms of defense against active oxygen. For example, the enzymes superoxide dismutase (SOD) and catalase are important agents in enzymatic defense against the superoxide radical and hydrogen peroxide, respectively, and together these two enzymes constitute a primary frontline defense against two of the most pervasive species of active oxygen. In Drosophila melanogaster, genetic analysis of null mutants for Cu/Zn-containing SOD (2, 3) and catalase (4) demonstrates convincingly the in vivo metabolic role of these enzymes. Cu/Zn SOD-null mutants exhibit a dramatically reduced adult life span, male sterility, and reduced female fertility and are hypersensitive to a variety of agents that generate increased oxygen radical flux. Catalase-null mutants exhibit an equivalent reduction in adult life span but show no apparent effect on fertility. The sensitivity of catalase-null mutants to radical-generating agents has not yet been reported.
In addition to enzymatic scavengers, several metabolites may also be important antioxidants and scavengers of oxygen radicals. In particular, uric acid has been shown to be an effective in vitro scavenger of singlet oxygen, peroxyl radical, hydroxyl radical, ozone, and hypochlorous acid, an activity of uric acid not shared by the related metabolites hypoxanthine, xanthine, or allantoin (1) . The absence of the enzyme urate oxidase in humans and some primates permits the tissue-specific accumulation of urate to concentrations approaching saturation. On these grounds, it has been proposed that urate acts as an important antioxidant in mammals and that in this capacity it may function in part as a surrogate for ascorbate (5, 6) . However, evidence for the importance of urate as an antioxidant in biological systems is largely inferential, and the problem awaits direct in vivo experimentation.
Urate is the product of the two-step oxidation of hypoxanthine by the enzyme xanthine dehydrogenase. In some organisms, further oxidation of urate to allantoin is carried out by the enzyme urate oxidase. One route to investigating the antioxidant role of urate is through the use of mutants that affect its synthesis or accumulation. The molybdoenzyme genetic system of Drosophila provides such a means for critical in vivo analysis of the role of uric acid in oxygen defense (7) . This system consists of the molybdoenzymes, xanthine dehydrogenase (XDH), sulfite oxidase, pyridoxal oxidase, and aldehyde oxidase and is defined genetically by the genes rosy (ry), maroon-like (ma-i), low xanthine dehydrogenase (Ixd), low pyridoxal oxidase (ipo), aldehyde oxidase 1 (aldox-J), aldehyde oxidase 2 (aldox-2), and cinnamon (cin). The primary structure of XDH is encoded by the ry gene while the ma-I, Ixd, and cin genes affect XDH activity through their as yet unspecified effects on the function of the molybdocofactor. Strains homozygous for XDH-null alleles of ry are reportedly devoid of urate (8) (9) (10) (11) (12) and presumably of allantoin as well. XDH in Drosophila also catalyses the oxidation of 2-amino-4-hydroxypteridine to isoxanthopterin (2-amino-4,7-dihydroxypteridine) (13) ; however, the biological role of this latter reaction remains unknown (see Discussion).
Biological models proposing an important antioxidant role of uric acid predict that urate-null mutants should suffer from Abbreviations: SOD, superoxide dismutase; XDH, xanthine dehydrogenase. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. chronic oxygen stress under conditions of normal oxygen radical flux and that this condition would, in turn, sensitize these mutants to experimentally applied increased oxygen radical flux. That homozygous stocks of urate-null ry mutants are viable and generally vigorous under normal laboratory conditions suggests that any putative oxygen defense role of urate is not essential for viability under these conditions. The viability of these mutants may therefore depend upon other components of the overall oxygen defense system with overlapping or compensatory function.
As part of an overall genetic analysis of oxygen defense systems of D. melanogaster, we report here an investigation of the role of uric acid in oxygen defense in this invertebrate through the analysis of urate-null mutants of the ry locus. We have measured the toxic response of these mutants to extraordinary oxygen stress imposed by exposure to radicalgenerating redox cycling agents, ionizing radiation, and increased oxygen tension and as conferred by genetic defects in other established oxygen defense functions such as SOD. The latter approach also allows us to investigate the interaction of different oxygen defense systems in dealing with oxygen stress. The results clearly demonstrate the in vivo radical-scavenging role of urate and reveal a critical metabolic role of this classical molybdoenzyme-genetic system in Drosophila. They also form the basis for our proposal that metamorphosis in Drosophila imposes a crisis of acute oxygen stress on the developing imago against which uric acid plays an important organ-specific defense. (14) . The alleles ry5O6 and ry545 were derived by mutagenesis from ry+5, a naturally occurring XDH electromorph.
MATERIALS AND METHODS
Uric Acid Determination. Purine and pyrimidine metabolites were separated by high-performance liquid chromatography. Whole-body extracts of males were prepared by homogenization of -30 young adult males per ml of 0.1 M sodium phosphate/20%o glycerol, pH 7.1, in a motorized glass/Teflon homogenizer. Extracts (0.5 ml) were applied to a disposable C18 column (PrepSep; Fisher), the column was washed with three 0.5-ml volumes of 5 mM KNH4HPO4 at pH 7.5 (buffer A), and appropriate fractions were pooled and stored frozen. Separations were performed on a Supelco 0.46 x 15 cm Supelcosil LC-18 reverse-phase column operating isocratically at 2 ml/min with buffer A as the mobile phase. To compensate for extract-to-extract variation, base ratios were calculated relative to the amount of free uracil in the extract (=1 nmol per fly). Uracil was chosen as a standard since uracil concentrations should be unaffected by mutations interfering with purine metabolism. Uracil, xanthine, and hypoxanthine were monitored at 260 nm, whereas uric acid was detected at 292 nm. Elution positions and peak-urea conversion factors were determined by using base standards (Sigma) of spectrophotometrically determined concentration.
Administration here, the lack of uric acid in XDH-null mutants confers hypersensitivity to paraquat-generated active oxygen.
ry Confers Hypersensitivity to Hyperoxia. The tetravalent reduction of 02 to two H20, which occurs during respiration, is typically accompanied by a low-level loss of univalently reduced°2. Exposure to increased concentrations of atmospheric oxygen (hyperoxia) can be toxic to Drosophila (17, 18) , presumably as a result of respiration-dependent overproduction of°2 to toxic levels. We investigated the role of uric acid in defense against hyperoxia-generated 0°by determining the sensitivity to hyperoxia of ry? relative to ry+5 (Fig. 3) . The results clearly show that ry06 is hypersensitive to hyperoxia relative to the ry+5 control. With a kt50 (time for knockdown of 50% of the population) of 2.65 days, ry50 is 2.5-fold more sensitive than ry+5 (kt5o of 6.52 days).
ry Confers Hypersensitivity to Ionizing Radiation. Ionizing radiation imposes an acute oxygen stress upon cells primarily through the generation of active oxygen species from cellular water and dissolved oxygen. Altered sensitivity to ionizing radiation can be used to diagnose genetic alteration of oxygen defense components in Drosophila (15) . Thus, if urate is an important scavenger of active oxygen species generated by ionizing radiation, we would expect urate-null mutants to be hypersensitive to ionizing radiation. As shown in Fig. 4 progeny (data not shown). The double-mutant homozygotes produced in all of these strains appear to die during late metamorphosis and during the process of eclosion. Crosses involving most ofthe possible combinations of TM3-balanced heterozygotes carrying different cSOD"'0, ry recombinant chromosomes have also been carried out. None have produced any homozygous cSODY"', ry adult progeny (data not shown). This latter result strengthens the interpretation that the recessive lethal effects of the double-mutant chromosomes are attributable to cSOD"]'-ry interactions and not to possible spontaneously arising mutations carried on the individual recombinant chromosomes.
The possibility that the deleterious effects of the cSODI'0, ry double mutants could be circumvented by urate feeding was considered. However, repeated attempts to rescue the lethality of the double mutants by dietary administration of uric acid, sodium urate, or allantoin during larval feeding were unsuccessful. This is probably due either to the low solubility or to the lack ofuptake of these compounds through the gut. Since both urate and allantoin are normally excreted from malpighian tubules via the gut, it is not surprising that these metabolites would not be reabsorbed.
DISCUSSION
Urate Is an Important Antioxidant in Drosophila. Prior to this study (see Introduction), the possibility that urate might function as an important antioxidant in biological systems was based on in vitro experiments, which showed that urate interferes with the reaction of active oxygen species and their derivatives, such as singlet oxygen, the hydroxyl radical, ozone, hypochlorous acid, and organic hydroperoxides, with biological substrates such as unsaturated fatty acids, nucleic acids, and erythrocyte membranes. In this role, urate can act either by directly scavenging active oxygen species, in which case it is oxidized into a variety of products including allantoin, oxonic acid, oxaluric acid, and parabanic acid (19) or by binding radical-generating transition metals into poorly reactive complexes (20) . It has been proposed that the antioxidant activity of urate is an important aspect of its in vivo function (5, 21) . However, convincing evidence from in vivo experiments in support of such an important putative antioxidant role of urate has been lacking. The experiments reported in this paper with mutants that lack the enzymatic capacity to synthesize uric acid clearly establish that urate functions as an important antioxidant in vivo. Urate-null ry mutants are demonstrably impaired in their capacity to detoxify the extraordinary flux of active oxygen generated by such diverse agents as paraquat, hyperoxia, and ionizing radiation.
Additional support for these conclusions comes from our recent investigations of the oxygen stress response of the maroon-like mutant (ma-i). Like ry, ma-i is deficient in XDH and urate (see Introduction). Unlike ry, however, ma-i is also missing aldehyde oxidase and pyridoxal oxidase activities. We find that ma-I is hypersensitive to paraquat, and double mutants for ma-I and CuZn SOD are synthetic lethals with a late pupal lethal phase identical to ry, CuZn SOD double mutants (J.P.P. and A.J.H., unpublished observations). Furthermore, we have recently screened for X chromosomelinked paraquat-sensitive mutants (ma-I is X chromosome linked). Two X chromosome-linked paraquat-sensitive mutants were recovered, which, upon further examination, turned out to be XDH-null alleles of ma-I (A.J.H., J.P.P., and J. Humphries, unpublished observations).
These results provide a new model for understanding the syndrome of phenotypes characteristic of ry mutants. XDHnull ry mutants are temperature-sensitive lethals (i.e., they are hypersensitive to elevated growth temperature) (22) . This could arise from the elevated metabolic rate, 02 consumption, and overall oxygen stress, which occurs in poikilotherms in response to elevated ambient temperature. Rosy mutants are also hypersensitive to male sterilization by a chemical mutagen, ethyl methanesulfonate (A.J.H., unpublished observation). This is possibly a consequence of metabolic detoxication via cytochrome P450, which is known to generate active oxygen as a by-product. Rosy mutants exhibit significantly reduced adult life span (23, 24) , an effect predicted by the radical theory of aging (25, 26) if urate is indeed an important radical scavenger in D. melanogaster.
Further, we propose that the most obvious phenotype of ry mutants, namely dull brown eye color, which darkens with adult age, may also be due to urate deficiency. The two primary eye pigments ofDrosophila, drosopterin (bright red) and dihydroxanthommatin (yellow-brown), are both subject to chromogenic oxidation (for review, see ref. 27 ). In particular, dihydroxanthommatin (clear yellow-brown) is readily oxidized to xanthommatin (dull dark brown) and thus could serve as a sensitive in vivo redox indicator. Although urate is generally regarded as an excretion product, more than half of the total urate in adults is accumulated in the head (9) , probably as the result ofthe active transport of XDH from the fat body into the eye of the developing adult (28) . On these grounds, we propose that the age-dependent dark brown eye color phenotype of ry mutants arises from the progressive oxidation of eye pigments, principally dihydroxanthommatin, occurring in the absence of urate. Thus the long-standing enigma of the role of XDH in eye pigment biochemistry may be understood in terms of the antioxidant activity of urate rather than in terms of the XDH-catalyzed conversion of 2-amino-4-hydroxypteridine to isoxanthopterin, a reaction that lies outside of the drosopterin biosynthetic pathway (27) .
Uric Acid Partially Complements the Oxygen Defense Functions of Cu/Zn SOD. Compound mutants doubly deficient for uric acid and Cu/Zn SOD are adult lethal. In other words, concurrent deficiency for these two antioxidant functions confers an intolerable intrinsic oxygen stress upon the organism. The finding that null mutants for each of these two functions are singly adult viable but sensitive to oxygen stress suggests that deficiencies for each antioxidant system can be at least partially compensated for by the activity of the other, although it appears that Cu/Zn SOD may be more important than urate. Mechanistically, urate could serve in this rescue capacity by scavenging hydroxyl radical or other superoxidederived species that may be generated at higher levels in mutants deficient for Cu/Zn SOD.
Metamorphosis Imposes a Crisis of Oxygen Stress During Drosophia Development. The developmental kinetics of urate synthesis and accumulation suggests a mechanism to account for the late pupal/eclosion-lethal phenotype of doubly impaired oxygen defense mutants. As in many insects, urate in D. melanogaster is synthesized principally in the fat body from which it is transported via hemolymph to the malpighian tubules (where it is also synthesized), where it is oxidized by urate oxidase to allantoin and excreted via the gut (29, 30) . At the beginning of metamorphosis, urate oxidase activity, which is confined to the malpighian tubules, drops effectively to zero in response to an ecdysterone-mediated transcriptional repression of urate oxidase gene expression (31) . As a consequence of this, and of concurrent metamorphosisenhanced purine catabolism catalyzed by a developmental surge of XDH activity, urate levels climb rapidly in late larvae and early pupae and are maintained at very high levels throughout metamorphosis. The derepression of urate oxidase activity in the newly eclosed adult then leads to the reduction of urate levels by oxidation and excretion as allantoin. These observations lead us to propose that the process of metamorphosis imposes a crisis of oxygen stress upon the pharate adult, which depends, in part, upon the accumulated reserves of urate as a defense. We further propose that a principal focus of this oxygen stress is the malpighian tubule, which probably supports an extraordinary level of oxidative catabolism during metamorphosis and which must therefore deal with the consequent oxidative by-products, principally 0°and H202. Furthermore, successful management of metamorphosis-imposed oxygen stress by the malpighian tubule is essential because it is one of the few larval tissues to persist through metamorphosis to continue functioning in the adult (32) . The accumulation of urate during metamorphosis occurs primarily within the malapighian tubule as a result of de novo synthesis and of transport from the histolysing larval fat body (31, 32) and is thus strategically located to scavenge oxidase-generated active oxygen and to bind transition metals, thereby preventing their participation in Fenton generation of hydroxyl radical. Thus, our model for the failure of metamorphosis conferred by the concurrent loss of two oxygen defense components is not only consistent with, but provides a rationale for understanding the developmental and tissue specific pattern of, synthesis and accumulation of urate. This model could eventually be tested genetically through mutant or transgenic modification of urate oxidase expression.
